Acronyms
Introduction
The oxidative modification of lipoproteins in the arterial wall is considered to play an important role in the inflammatory process of atherosclerosis and it is well established that circulating levels of ox-LDL are independently predictive of both subclinical atherosclerosis and myocardial infarction (1, 2) . The resistance of LDL to oxidation is influenced by several factors, among which the content of fat-soluble vitamins and carotenoids is prominent. In particular, carotenoids have shown to be of importance. In a recent study comparing -tocopherol, retinol and carotenoids, plasma carotenoids were the most powerful determinants of in vivo oxidatively modified LDL (3) . Moreover, during LDL oxidation in vitro, -and -carotene are consumed at a significantly higher rate than -or -tocopherol (4).
Carotenoids are a group of lipophilic phytochemicals that exist in nature in large variety. The major ones detectable in human plasma are α-carotene, β-carotene and lycopene (hydrocarbon carotenoids) and lutein, zeaxanthin and β-cryptoxanthin (oxygenated carotenoids) (5) . Inverse associations between plasma levels of carotenoids and cardiovascular disease have been reported in several studies (6) (7) (8) (9) (10) . The majority of studies has focused on β-carotene and lycopene while a few reports have suggested that oxygenated carotenoids may be of even greater importance for atheroprotection (11) (12) (13) . Interestingly, carotenoids also exert positive influences on the immune response which may be, at least in part, mediated by their antioxidant effects (14) . Both in population-based studies and in studies of coronary patients, inverse associations between circulating carotenoids and markers of systemic inflammation have been reported (15) (16) (17) (18) (19) (20) (21) .
Hydroxymethylglutaryl-coenzyme A reductase inhibitors (statins) are cholesterol-lowering drugs that markedly reduce cardiovascular mortality and morbidity (22) . Their benefit may not only be attributed to lipid-lowering but also to non-lipid dependent, so-called pleiotropic effects. During recent years, considerable attention has been drawn to a number of antiinflammatory and immunomodulatory effects shown in vitro and in animal models (23, 24) .
The clinical relevance of these effects are not fully proven but it has been consistently shown that statin treatment leads to significant reductions in circulating C-reactive protein (CRP), thus supporting an anti-inflammatory effect in vivo (25, 26) .
Given both the lipid-lowering and anti-inflammatory effects exerted by statins, it may be hypothesized that these agents also influence the levels of carotenoids in plasma. The aim of this study was to clarify whether simvastatin treatment altered the carotenoid status in plasma, including oxygenated and hydrocarbon carotenoids.
Methods

Participants and study design
As has been described earlier (27) , the study population consisted of 80 middle-aged men with mild to moderate hypercholesterolemia. They were clinically healthy receiving no medication. A randomized, double blind and placebo-controlled study design was applied after approval by the ethical committee. Individuals gave informed consent and were randomly assigned to receive either 40 mg simvastatin daily or matching placebo tablets.
They were instructed to maintain their habitual dietary pattern during the study period.
Compliance with study treatment was assessed at each follow-up by reviewing the calendarpacked tablets remaining. Fasting venous blood was collected at baseline and after 6 weeks.
Lipid profile, apolipoprotein B, ox-LDL and inflammatory markers
Plasma levels of cholesterol, LDL cholesterol, high density lipoprotein (HDL) cholesterol, triglycerides and apolipoprotein (apo)B were determined as earlier outlined (27) . Ox-LDL in plasma was measured using a competitive ELISA (Mercodia Oxidized LDL, Uppsala, Sweden) with a lower detection limit of < 1 unit/l. The inter-assay coefficient of variation for ox-LDL was < 10 %. CRP was determined by using a highly sensitive latex-enhanced turbidimetric immunoassay with a lower detection limit of 0.03 mg/L (Roche Diagnostics GmbH, Vienna, Austria). IL-6 was measured by an ELISA immunoassay (Quantikine HS, R & D Systems Europe Ltd, Abingdon, United Kingdom) with a lower detection limit of 0.04 pg/mL. The inter-assay coefficients of variation for CRP and IL-6 were < 5%.
Carotenoids
Plasma levels of carotenoids (lutein, zeaxanthin, -cryptoxanthin, lycopene, -carotene, -carotene) were determined with high-performance liquid chromatography as previously described (19) . Since lutein is almost structurally identical to its stereo isomer zeaxanthin, the analysis does not discriminate between them and the sum of these carotenoids is presented as a single value (zeaxanthin normally representing less than 15% of this value). The intra-and interassay coefficient of variation varied between 5 and 7%. The validity of the method was ensured by including a reference sample that was calibrated against an external standard (SRM 968C) from the National Institute of Standard and Technology (19) . The plasma levels of carotenoids were expressed as non-adjusted (crude) or adjusted for total cholesterol, LDL cholesterol or apoB levels.
Statistical analyses: The SPSS 17.0 was used for statistical analyses. Differences within the groups were analyzed using Wilcoxon signed-rank or Chi-Square tests. A two-way repeated ANOVA was used for comparisons between groups. We used the Spearman rank correlation test to evaluate the relationships between the variables. Two-tailed p-value <0.05 were considered significant.
Results
Complete data were obtained from 79 of the 80 participants. Three individuals suffered from inflammatory or infectious disorders during the study period but otherwise, no important adverse effects or side effects occurred. In all, data were obtained and analysed from 39 individuals in the placebo group and 37 in the simvastatin group. The study medication was well tolerated and the compliance was as high in the simvastatin group as in the placebo group (89% and 91%, respectively). The baseline characteristics are outlined in Table 1 . The lipid and inflammatory variables before and after 6 weeks are presented in Table 2 . The changes in total cholesterol, LDL cholesterol, apoB, ox-LDL and CRP within the simvastatin group remained significant when they were compared with the placebo group. On the other hand, when the levels of carotenoids were adjusted for total cholesterol, the treatment with simvastatin resulted in increased levels of all carotenoids (except -cryptoxanthin) that were significant both within the group and between groups (Table 3) .
Similar results were obtained in the simvastatin group when individual carotenoids were adjusted to LDL cholesterol (data not shown) or apoB. The changes in apoB-adjusted levels of oxygenated and hydrocarbon carotenoids are illustrated in Figure 1 .
Crude or lipid-adjusted plasma levels of carotenoids did not correlate with any clinical characteristics, such as body mass index (BMI) or smoking status. There was a significant correlation between crude levels of oxygenated carotenoids and total cholesterol that remained after 6 weeks (r = 0.56, p < 0.001). The correlations between crude levels of oxygenated carotenoids and LDL cholesterol also remained significant after 6 weeks (r = 0.49, p < 0.001). Similarly, the significant correlations between hydrocarbon carotenoids and total cholesterol or LDL cholesterol remained unchanged during simvastatin therapy (r = 0.33, p < 0.01 and r = 0.29 respectively, p < 0.05). At baseline, none of the carotenoids correlated with HDL cholesterol, triglycerides or apoB. After 6 weeks of simvastatin treatment, both oxygenated and hydrocarbon carotenoids correlated with HDL cholesterol (r = 0.42, p < 0.001 and r = 0.38, p < 0.01, respectively) whereas only oxygenated carotenoids correlated with apoB (r = 0.38, p < 0.01). The relative change in oxygenated carotenoids was significantly associated with the relative changes in total cholesterol and apoB (both p < 0.01) but otherwise, there were no correlations between the longitudinal changes of lipids and carotenoids. Carotenoids and ox-LDL were not correlated at any time point.
The levels of CRP and IL-6 correlated both at baseline and after 6 weeks (r = 0.40, p < 0.01).
The inflammatory markers were not correlated with any of the lipid variables, including ox-LDL. As shown in Table 4 , the baseline levels of crude and lipid-adjusted levels of all single carotenoids showed inverse correlations with CRP and IL-6. The associations between carotenoids and inflammatory markers were however attenuated during simvastatin therapy except for -carotene that remained inversely correlated with CRP (crude, r = -0.35, lipidadjusted, r = -0.37, both p < 0.05, respectively).
Discussion
In the present study, the crude plasma levels of carotenoids fell significantly in parallel with LDL and total cholesterol during simvastatin therapy. However, when adjusted for total cholesterol, LDL cholesterol or apoB levels, all individual carotenoids (except β-cryptoxanthin) showed significant increases in the simvastatin group. The findings may indicate that atherogenic lipoprotein particles have improved their antioxidant status through enrichment of carotenoids during simvastatin therapy. Vasankari et al (28) showed that - The plasma concentrations of major carotenoids showed inverse and significant associations with CRP and IL-6 levels. The findings are in line with previous population-based studies reporting inverse associations between carotenoids in plasma and CRP after adjustment for confounding factors like dietary intake and smoking (15) (16) (17) (18) (19) (20) (21) . Various explanations have been given, such as the consumption of circulating carotenoids during the neutralization of free radicals or depletion from blood due to an increased uptake by immune cells. It has also been emphasized that crude levels of plasma carotenoids may give misleading information in the presence of a systemic inflammatory response. In a previous study by Gray et al (30) , the time course of the change in plasma carotenoids was studied in 30 patients following elective surgery. During the first days, CRP levels increased while plasma concentrations of several major carotenoids, including -carotene and lutein, fell significantly. However, when carotenoids were normalized to cholesterol levels, the reductions were no longer statistically significant. In the present study, we can clearly show that not only crude plasma levels but also lipid-adjusted levels of individual major carotenoids are inversely correlated with both CRP and IL-6 in a clinically healthy population.
There is more than one reason to believe that statins have an influence on circulating levels of carotenoids. Besides their potent lipid-lowering effects, pleiotropic effects in vivo include significant reductions in CRP which appear to be independent of the lipid-lowering capacity (25, 26) . However, in the present study, the change in carotenoid status during simvastatin therapy was not specifically related to any changes in inflammatory activity. Among individual carotenoids, only -carotene still showed a weak but significant association with CRP during treatment. The findings are in agreement with several large population-based studies showing that, among carotenoids, -carotene have the strongest relationship with inflammatory markers (15, 16, 18, 21) . In a previous study, we measured a panel of lipophilic antioxidants in patients with coronary artery disease, many of whom were receiving long-term statin treatment, and found that inflammatory activity was inversely associated with serum -carotene but not with lycopene or other antioxidants (17) .
One limitation of our study is the rather small sample size. Another limitation concerns the duration of treatment. The effects of long-term simvastatin treatment remain unknown. Third, an assay for measuring the resistance of LDL to oxidation would have been of value.
To summarize, the change in carotenoid status during simvastatin therapy was mainly attributed to the lowering of cholesterol and not to the suppression of inflammatory activity.
The crude plasma levels of both oxygenated and hydrocarbon carotenoids were reduced by simvastatin. However, when adjusted for lipids, the levels of lutein, lycopene, -carotene and -carotene were significantly increased by simvastatin suggesting an increased ratio of carotenoids per particle.
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